Fossil eggs and embryos that provide unique information about the reproduction and early growth of vertebrates are exceedingly rare, particularly for pterosaurs. Here we report on hundreds of three-dimensional (3D) eggs of the species Hamipterus tianshanensis from a Lower Cretaceous site in China, 16 of which contain embryonic remains. Computed tomography scanning, osteohistology, and micropreparation reveal that some bones lack extensive ossification in potentially late-term embryos, suggesting that hatchlings might have been flightless and less precocious than previously assumed. The geological context, including at least four levels with embryos and eggs, indicates that this deposit was formed by a rare combination of events, with storms acting on a nesting ground. This discovery supports colonial nesting behavior and potential nesting site fidelity in the Pterosauria. D espite recent progress, the general paucity of pterosaur bonebeds confidently composed of a single species hampers our understanding of several biological questions (1, 2), including their ontogenetic development and reproductive strategy. Only a handful of isolated occurrences of eggs and embryos have been reported so far (2-6). Threedimensionally preserved eggs include one from Argentina (7) and five from the Turpan-Hami Basin, Xinjiang, northwestern China (8, 9). Extensive fieldwork in this area has revealed not only an extraordinary quantity of eggs, but also the first pterosaur three-dimensional (3D) embryos, providing new information on the embryology and reproductive strategy of these flying reptiles. The specimens can be attributed to Hamipterus tianshanensis, the sole species in this bonebed. The most important section is a sandstone block (3.28 m 2
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D
espite recent progress, the general paucity of pterosaur bonebeds confidently composed of a single species hampers our understanding of several biological questions (1, 2), including their ontogenetic development and reproductive strategy. Only a handful of isolated occurrences of eggs and embryos have been reported so far (2-6). Threedimensionally preserved eggs include one from Argentina (7) and five from the Turpan-Hami Basin, Xinjiang, northwestern China (8, 9) . Extensive fieldwork in this area has revealed not only an extraordinary quantity of eggs, but also the first pterosaur three-dimensional (3D) embryos, providing new information on the embryology and reproductive strategy of these flying reptiles. The specimens can be attributed to Hamipterus tianshanensis, the sole species in this bonebed. The most important section is a sandstone block (3.28 m 2 ) that yielded 215 eggs, but up to 300 may be present, because several more appear to be buried under the exposed ones (Figs. 1 and 2 and figs. S1 to S13). The eggs are in an accumulation without a preferential orientation, clearly showing transport ( Fig. 2A ). Their external surface shows cracking and crazing, and all are deformed to a certain extent, which indicate their pliable nature (Fig. 2, B to F) . Although most eggs are complete, small fissures resulting from decomposition and compression during burial must have occurred because all eggs are filled with sandstone, which ultimately accounts for their three-dimensionality.
No nests were found, precluding the establishment of clutch sizes. However, the large number of eggs indicates that they belonged to several clutches and were laid by different females, which is one plausible explanation for their moderate size variation (table S1). Furthermore, egg size discrepancy is common within the same reptile species (10). Additionally, it is possible that some of these eggs were subjected to differential water uptake during transport.
Internal content could be observed in 42 eggs, either through computed tomography (CT) scanning or micropreparation. From these, 16 had embryonic remains (38% of the sample). Bones show a white color, are distributed along the egg (Fig. 3) , and are not concentrated on the bottom half as observed in some dinosaurs (11, 12) . With a few exceptions (movies S1 to S3), bones tend to be disarticulated and displaced from their natural position. The diameter of long bones, including wing phalanges, varies from 0.59 to 1.40 mm, most being slightly thinner than 1 mm. Where measurable, the bone cortex in long bones is around 0.15 to 0.20 mm, and thinner in cranial elements. No embryo is complete, with osteological material varying from one to several bones ( Fig. 3 and figs. S1 to S7). This can be explained by several factors, including the presence of embryos in distinct embryological stages, differential preservation of bones, and loss of elements during transport and burial, with part of the egg content expelled.
Establishing the developmental stages of the embryos is complex, with the length of comparable elements varying (tables S2 to S5). Three embryos (11, 12 , and 13) have bones of similar sizes and likely represent the same developmental stage. In embryo 7, the humerus is about 20% longer than in embryo 13. The smallest isolated humerus found outside an egg, regarded to belong to a hatchling, is about 18 and 40% longer than that of embryos 7 and 13, respectively. The length of the deltopectoral crest along the shaft of the humerus varies between 25.5% to 27.8% in embryos and the hatchling, compared with 31.5 to 37.1% in subadults (table S5) . The only other pterosaur where similar comparisons are possible is the archaeopterodactyloid Pterodaustro, in which the humerus of the hatchling is up to 20% longer than that of the embryo (5, 13) and the deltopectoral crest changes from around 23% in the embryo and hatchling to more than 30% in subadults, a pattern similar to the one recovered here. This suggests that the most complete embryos of Hamipterus (11 to 13) might be in an advanced developmental stage, but perhaps less than the sole of Pterodaustro.
Embryo 12 is the most complete one, containing a partial wing and cranial bones, including a complete lower jaw (~16.89 mm long). Dentaries are strongly connected (but unfused) for about 3.97 mm, occupying about 23% of the mandibular length. CT scanning did not reveal more cranial elements; not even the exposed elements could be distinguished from the matrix, suggesting that cranial bones were only starting to ossify, contrary to other parts of the skeleton such as long bones and the vertebral column (movies S1 to S3).
Although the current available material cannot provide a complete view of the ontogenetic development of Hamipterus, and despite some uncertainty in regarding these embryos as representing late embryonic stages, some general observations can be made that considerably expand our knowledge about the embryology and ontogeny of pterosaurs (14) . The skull roof was not well ossified before the animal hatched, albeit more than in birds (15) but less than in lepidosaurs (16) and crocodiles (17) . Prior to hatching, the lower jaw already shows an anterior expansion that gets more developed during ontogeny. The symphyseal region increased from around 23% in embryos to 43 to 45% of the total lower jaw length in juveniles and subadults. No teeth were found in any of the embryos. Because teeth tend to be very resistant and embryos of dinosaurs (11), birds (18) , and one pterosaur (3) show them, there seems to be no taphonomic explanation for their absence. Therefore, this embryo might be at a stage of development in ovo prior to teeth eruption, or dental eruption is delayed in this pterosaur, contrary to the condition found in lizards and crocodiles (19) , the latter favored here.
Overall, wing elements show ossified shafts but still unformed articulations, such as the Fig. 3 and figs. S1 to S8; orange arrows indicate eggs without embryo; and the pink arrows b to f indicate the position of the eggs of Fig. 2 , B to F, respectively. Scale bar, 200 mm. Abbreviation: at-ax, atlas-axis; car, carpus; cv, cervical vertebra; hu, humerus; hy, hyoid; lj, lower jaw; mcI, metacarpal I; mcIV, metacarpal IV; mt, metatarsal; pel, pelvis; phd4, indeterminate wing phalange; ph1~4d4, first to fourth phalange of manual digit IV; r, right; ra, radius; sk, skull; st, sternum. Fig. 1 ; scale bar, 100 mm; (B to F) selected eggs indicated by pink arrows b to f in Fig. 1 , showing different degrees of deformation. The red and yellow arrows indicate the fissure in the egg and the mudstone pellet, respectively. Scale bar, 20 mm. Abbreviations: cor, coracoid; dpc, deltopectoral crest; dv, dorsal vertebra; f, frontal; fe, femur; fo, foramen; h, head; hu, humerus; j, jugal; l, left; lj, lower jaw; mcI-IV, metacarpal I-IV; mt, metatarsal; phd4, indeterminate wing phalanx; ph1-4d4, first to fourth phalanges of manual digit IV; r, right; ra, radius; sca, scapula; ul, ulna; vt, vertebra; ?, uncertain.
Fig. 2. Eggs preserved with pterosaur bones (IVPP V 18942). (A) Close-up of egg concentration in
humerus and the wing metacarpal (Fig. 3, H  and K) . In two embryos, other metacarpals are also ossified despite being very thin, with metacarpal I reaching the carpus. No extensor tendon process was identified, suggesting that it ossifies only slightly before or after hatching. The deltopectoral crest is warped in juveniles but not in the embryos, indicating that its distal end was still cartilaginous. This suggests that the most powerful wing depressor, m. pectoralis (20) , which is attached to the deltopectoral crest, was not well developed in neonates. The embryonic scapula lacks a processus scapularis (Fig. 3G) , which is the origin of m. teres major, a muscle involved in the elevation of the wing (20) . This structure is observed in the smallest nonembryonic individual recovered, in which the scapula is slightly more than four times as longer than in the embryos. The femur, on the contrary, is well developed, showing the typical pterosaurian femoral head, with a constricted neck and complete distal articulation (Fig. 3I) . This suggests that the hind limbs have developed more rapidly compared to the forelimbs and might have been functional right after the animal hatched. Thus, newborns were likely to move around but were not able to fly, leading to the hypothesis that Hamipterus might have been less precocious than advocated for flying reptiles in general (6) and probably needed some parental care.
Osteohistological sections of some postcranial elements from embryos and larger-sized individuals were made (Fig. 4 and figs. S8 to S10). None showed plywood-like bone, which is regarded as unique for pterosaurs (21) . Secondary osteons, which are rare in these flying reptiles (22) , are also lacking. In the embryo, the cortex of all three sectioned bones (radius, ulna, and one wing phalanx) is composed of woven bone, with large vascular canals, which indicates fast growth (23) . Regarding nonembryonic elements found scattered in the matrix, osteohistological sections of three ulnae were made. The smallest shows fibrolamellar bone without any growth mark, suggesting that it belonged to a young individual. The second (~140 mm) also shows fibrolamellar bone, but presents internal circumferential layers (ICLs) with one line of arrested growth (LAG) and an annulus, suggesting that growth of the medullary cavity had ceased (23) . Another LAG can be found in the outermost part of the periosteal bone matrix, but no external fundamental system (EFS) (1) was developed. This configuration has been interpreted as an indicator of sexual maturity (24) . In the largest ulna (~190 mm), the ICLs are also present, and one LAG and an annulus are placed in the outermost part of cortex, but no EFS is formed yet. Based on the presence of growth marks (LAG and annulus) and the absence of any sign of bone remodeling or secondary structures (23) that could erase those marks, this bone might represent an individual at least 2 years old, still growing at the time of its death. The main locality where eggs have been collected is characterized by a succession of white to gray, middle-to fine-grained sandstones that were deposited in a fluvio-lacustrine environment ( fig. S12 ). Localized lenses of mudstone are present ( fig. S13 ). Egg-and bone-carrying layers have a thickness between 10 to 30 cm and show extensive mudstone pellets. In a 2.2-m section, eight layers with pterosaur bones have been identified, four of which show egg concentrations in a vertical distance of 1.4 m. This sedimentological data, associated with the exceptional quantity of eggs and bones, indicate that events of high energy such as storms have passed over a nesting site, causing the eggs to be moved inside the lake where they floated for a short period of time, becoming concentrated and eventually buried along with disarticulated skeletons. Our findings further demonstrate the exceptional conditions necessary for the preservation of such fragile material and can explain the notable paucity of pterosaur eggs and embryos in the paleontological record compared to other reptiles (25) , because the preservation potential of softshelled specimens is regarded as very poor (26) . Furthermore, this occurrence implies colonial breeding for Hamipterus tianshanensis, as demonstrated by the osteohistological identification of individuals in different growth stages, a hypothesis speculated for pterosaurs before on the basis of very limited evidence (7) . The large quantities of specimens, and now eggs, indicate that gregarious behavior might have been widespread among derived pterosaurs.
